Blood stem cells need to both perpetuate themselves (self-renew) and differentiate into all mature blood cells to maintain blood formation throughout life. However, it is unclear how the underlying gene regulatory network maintains this population of self-renewing and differentiating stem cells, and how it accommodates the transition from a stem cell to a mature blood cell. Our current knowledge of transcriptomes of various blood cell types has mainly been advanced by population-level analysis. However, a population of seemingly homogenous blood cells may include many distinct cell types with substantially different transcriptomes and abilities to make diverse fate decisions. Therefore, understanding the cell-intrinsic differences between individual cells is necessary for a deeper understanding of the molecular basis of their behavior. Here we review recent single cell studies in the haematopoietic system and their contribution to our understanding of the mechanisms governing cell fate choices and lineage commitment.
Introduction
A single cell type, the haematopoietic stem cell (HSC), is responsible for generating all blood cells throughout the lifetime of an organism 1 . The HSC is a rare cell that resides primarily in the bone marrow of adult mammals. It has the ability to either self-renew, and generate more stem cells or differentiate and generate over 10 different blood cell types. These different blood cells provide functions such as protection against infections, oxygen transport and maintaining haemostasis. Thus, over time each HSC makes essential fate decisions by integrating a wide array of signals from the microenvironment and completing complex changes in the regulation of gene expression. Clarifying how HSCs differentiate into diverse cell types is important for understanding how they attain their various functions and offers the potential for therapeutic manipulation.
Traditionally, different blood cells are distinguished from each other based on the expression of a handful of cell-specific surface markers 2, 3 . Our knowledge of the different haematopoietic cell types is a direct result of the development of reagents to distinguish these various cells by their cell surface markers, followed by functional, transplant-based tracking of their activities 4 . An inherent problem with this approach is that the presence of specific cell surface markers doesn't directly reflect the transcriptional state of a cell. In addition, the variable loss or gain of marker expression occurs according to the activation/proliferative state of the cell 5 . Since the typical mammalian cell expresses around 10 4 genes 6 , a more comprehensive and objective strategy is needed to define cell types.
Although the transcriptomes of populations of HSC and progenitor cells have previously been assessed on microarrays 7 and more recently using RNA-Sequencing of bulk cells . Understanding the cell-intrinsic differences between individual cells is necessary for a deeper understanding of the molecular basis of their behavior.
A population of seemingly homogenous haematopoietic cells captured at any one time, using well defined combinations of cell surface markers, may include many distinct or intermediate cellular states [9] [10] [11] . This has been nicely illustrated by recent studies showing that early diversification into cells with distinct lineage bias within the HSC compartment may exist and that individual HSCs lead to different reconstitution patterns. The balanced production of myeloid and lymphoid cells or deficiency in lymphoid potential as well as long term self-renewal potential are shown to be intrinsic HSCs properties that are stably inherited by their HSC offspring 10, 12, 13 . Considering only average properties, for example by bulk transcriptomics analysis, masks subpopulations of cells (Figure 1 Therefore, a study of blood development with single-cell resolution is required to define cellular level heterogeneities that presage distinct differentiation decisions.
Recent technological advances now provide us with tools that allow single-cell molecular profiling and acquisition of transcriptomic data from hundreds to thousands of individual cells. These methods range from fluorescent in situ hybridization (FISH) as a probedependent method, RT-qPCR where cDNA obtained from a single cell can be used to quantify the expression of up to 100 transcripts to single-cell RNA sequencing which provides a highly resolved picture of whole-genome gene expression patterns of a single cell (reviewed in [15] [16] [17] [18] ). The development of automated massively parallel RNA single cell protocols that allow molecule counting of the transcripts from thousands of cells (such as MARS-Seq) enabled dissection of complex tissues into distinct cell types 19 . The wider application of these methods will permit agnostic interrogation of haematopoiesis and transform our view of how cellular decisions are made. An integrative strategy, combining genetic perturbation with computational sequence and network analysis methods, will further reveal regulatory networks that maintain the dynamic balance between different blood cell types.
5
The traditional model of haematopoiesis assumes a stepwise set of binary choices across the full haematopoietic spectrum [20] [21] [22] [23] .
The conventional model of haematopoiesis assumes a stepwise set of binary choices across the full haematopoietic spectrum Examination of these two states at the single cell level revealed that erythroid cell commitment could occur in the absence of a complete erythroid transcriptome and some of the key lineage regulators (e.g. Gata1) but also prior to silencing components of alternative lineage programs. Self-renewing cells were more similar to each other, with no clear subpopulations that would reflect differences in the functional culture-reconstitution potential of these cells. In contrast, a significant cell to cell variation was present in early-committed erythroid cells further suggesting that commitment can occur through multiple entry points. In other words, commitment occurs due to stochastic independent expression of key regulatory factors rather than coordinated expression of lineage programs. Computational modeling of this data set further revealed that an increase in Gata2 and a decrease in Mpo, were the best predictors of erythroid commitment, whereas Gata1 was important to a lesser extent 
Cellular decisions: discrete steps or gradual process?
One of the drawbacks of traditional methods of purifying haematopoietic cells to relative homogeneity is the limited number of cell surface markers that is used simultaneously to define the blood cell type. Therefore, the sorted populations are transcriptionally and functionally heterogeneous 9, 40 . In addition, only a subpopulation of the overall cellular pool is examined which restricts the ability to characterize transitional populations and the relationships between them. Due to these technical limitations, the prevalent model for However, while SPADE allowed easier visualisation and interpretation of the data, its main application was not to infer a trajectory and the precise order of events nor their progression.
The minimum spanning tree (MST) that underlies SPADE could provide only an estimation of the developmental ordering. Therefore, single cell resolution was lost in SPADE and it had limited success in depicting the continuous nature of transcriptional changes occurring during haematopoietic cell differentiation.
Of the more recently developed algorithms, amongst others, Monocle 44 , Wanderlust 45 and . Therefore, single cell analysis allows identification of previously unrecognized subsets of progenitor cells.
Gene regulatory networks: blueprint of the functional cooperativity among genes
It is well accepted that the spatio-temporal control of transcription of thousands of genes during fate determination is not regulated by a single lineage-specific TF. Instead, fate choice is enforced by combinatorial diversity generated by the binding of multiple TFs at key regulatory sites 47, 48 . The regulatory regions serve to combine the input signals from the regulators (e.g. TFs) and thereby control the level of gene expression during transcription.
The regulators and genes, together with the regulatory connections and interactions between them, form the gene regulatory networks (GRNs). Therefore, GRNs can be regarded as a blueprint for understanding the functional cooperativity among genes and can offer elucidation of developmental processes and cell differentiation on a systems level.
The total amount of mRNA produced during transcription is a measure of how functional or active a gene is. Although gene expression analysis from populations of cells can be used to infer gene networks, population level analysis can mask important gene correlations. For example, while a group of genes can be regulated independently by two TFs, the GRN generated from the bulk RNA-sequencing data might predict that these two TFs are coexpressed or that one regulates the other one. Single cell RNA-sequencing can reveal that the examined population of cells is heterogeneous and that actually these two TFs are exclusively expressed in any given cell. GRNs constructed from single cells would reveal that the group of genes is regulated by two different TFs. Therefore, identifying GRNs that regulate the behavior of individual haematopoietic cells is essential for understanding the underlying transcriptional programs that drive lineage specification and commitment.
Single cell analysis, in combination with functional studies, discovered a GRN that is associated with early segregation of the megakaryocyte-erythroid lineage from the lymphomyeloid lineage . Examination of the existing ChIP-Seq data combined with transgenic and transcriptional assays revealed a regulatory triad that consisted of Gata2, Gfi1 and Gfi1b. Gata2 has been proposed to function in a regulatory loop to modulate Gfi1/Gfi1b cross-antagonism and thus control specification of HSCs into megakaryocyte-erythroid and lympho-myeloid lineages 11 . All together, these findings supported the idea that the commitment to the megakaryocyteerythroid lineage might occur, at the top of the haematopoietic lineage tree, in HSCs.
Gene regulatory networks can also be used to delineate lineage progression during early blood development 49 . that between 40% and 80% of the variation in protein concentration can be explained by variation in mRNA abundances [52] [53] [54] [55] [56] . Single-cell mass cytometry theoretically allows simultaneous detection of over 100 different proteins in thousands of cells. Development of methodologies for detection of protein and mRNA level in the same cell will be necessary to relate these parameters with cell behavior and fate choices.
By sequencing thousands of single cells, future studies are poised to go beyond traditional approaches in examining the complex relationships between the continuous spectra of blood Rather than a process of abrupt transition between strictly defined stages, haematopoiesis is more likely a continuous process both on a transcriptional and functional level. Ultimately, at the end of this process, functional, fully differentiated, lineage restricted cells are formed.
